Ascorbate peroxidase (APX) of chloroplasts plays a pivotal role in detoxifying the hydrogen peroxide (H 2 O 2 ) produced through photoexcitation of the photosystem, but it easily loses its catalytic activity under attack by excess H 2 O 2 . Here we report that the H 2 O 2 -tolerance of APX localized in the stroma of chloroplasts was improved by removing a unique 16-amino-acidresidue loop not found in H 2 O 2 -tolerant isoforms of cytosol and glyoxysome.
This causes an accumulation of H 2 O 2 and cellular damage in higher plants undergoing serious oxidative stresses, such as intense light or drought. 2, 3) In contrast, other APX isoforms, localized in the cytosol 4) and bound to glyoxisome, 5) are relatively tolerant of H 2 O 2 , although they share amino acid sequence and structural similarity to chloroplastic APXs. H 2 O 2 -mediated inactivation of APXs is caused by oxidative damage to the heme and amino acid residues of apoprotein, but the mechanisms are not well understood, and efforts are underway to improve the H 2 O 2 -tolerance of APXs. 6) Previously we reported that a triple mutation of Trp35 (located at the distal side of heme; Fig. 1, top panel) , Cys25, which forms the ascorbate-binding site, and Cys125 yielded tobacco stromal APX H 2 O 2 -tolerance comparable to that of the cytosolic isoform. 7) Additionally, we suggested that another site might be involved, a 16-amino-acid-residue loop region located near the catalytic site of the chloroplastic isoform (Fig. 1, top  panel) , but not found in the cytosolic or glyoxysomebound isoforms (Fig. 1, bottom panel) . 8) This possibility was also suggested by crystallographic data that indicated that the loop of stromal APX interferes with the H-bond of the apoprotein with the propionate side chain of heme found in cytosolic APX. 9) When the loop region of spinach stromal APX was inserted into the cytosolic isoform of Galdieria partita, a red alga, it became susceptible to H 2 O 2 , as did the chloroplastic isoform. 10) We created a chimeric stromal APX of spinach in which a region spanning the loop region was exchanged with the corresponding region of the Galdieria cytosolic isoform. This was expected to be H 2 O 2 -tolerant, but did not accumulate in Escherichia coli in an active form, possibly because the heme was not incorporated into the apoproteins, for an unknown reason. 10) Thereafter we tried various chimeric APXs, and obtained a catalytically active chimeric-stromal APX of tobacco in which Trp35 was mutated to Phe and amino acid residues 170-203 spanning the loop were exchanged with the corresponding region of the cotton glyoxysome-bound isoform ( To analyze its H 2 O 2 -tolerance, we purified tsAPXW35FÁloop as well as wild-type tobacco stromal APX (tsAPX) and its Trp35-to-Phe mutant (tsAPX-W35F) 11) from E. coli, as previously described 10) to a homogeneity sufficient to give a single band on SDS-PAGE (data not shown).
The UV/VIS absorption spectrum of tsAPXW35FÁloop showed that the shapes of the Soret peak (" 410 ¼ 85 mM À1 cm À1 ) and the charge-transfer band (" 559 ¼ 29 mM À1 cm À1 ) differed from those of tsAPX (Fig. 2) , suggesting that heme-apoprotein interaction had changed. A shoulder-area near 380 nm was decreased as compared with tsAPX, indicating that the Trp35 mutation changed the coordination number of heme iron from five in tsAPX to six in tsAPX-W35FÁloop. Such a change has been observed in tsAPX-W35F.
11) When treated with dithionite, which reduces the ferric iron of heme, or with potassium cyanide, which coordinates to the sixth position of heme iron, the spectra of tsAPXW35FÁloop were similar to those of similarly treated tsAPX (Fig. 2) .
The K m and k cat values for ascorbate and those for H 2 O 2 of tsAPX-W35FÁloop were 816 AE 84 mM and 2;010 AE 140 s À1 , and 179 AE 17 mM and 2;400 AE 160 s
À1
respectively. In tsAPX, they were 395 AE 27 mM and 2;510 AE 90 s À1 , and 22:0 AE 1:0 mM and 1;800 AE 30 s À1 respectively, as reported previously.
12)
To compare the H 2 O 2 -tolerance of tsAPXW35FÁloop with those of other APXs, APX was treated with excess H 2 O 2 and residual activities were measured, as previously described.
11) The enzyme activity of tsAPX was lost within 20 s (Fig. 3A) . tsAPX-W35F was more tolerant but most of its activity was lost within 3 min. These results are consistent with our previous studies. 7, [10] [11] [12] In contrast to these enzymes, Note tsAPX-W35FÁloop retained 64% of initial activity after 3 min of incubation. This tolerance is comparable to those of cytosolic APX and the previously reported triple mutant (Cys25, Trp35, and Cys125) of tsAPX.
7)
These results indicate that removal of the loop improved H 2 O 2 tolerance. When H 2 O 2 was not added to the APX solution, the enzyme activities remained unchanged on this time scale (data not shown). Although the UV/VIS spectra of untreated tsAPX-W35FÁloop suggested that an unexplained change had occurred in the hemeapoprotein interaction, the improved H 2 O 2 -tolerance supports the idea that the H 2 O 2 -susceptivety of chloroplastic APX was due to the presence of the unique loop.
The UV/VIS spectral change in the tsAPXW35FÁloop after the addition of H 2 O 2 was similar to that of tsAPX. There was a increase in the Soret peak (Fig. 3B) , which corresponded to a one-electron reduction of an intermediate, porphyrin -cation radical of heme, by an amino acid residue of apoprotein, but the increase was slower for tsAPX-W35FÁloop (Fig. 3B,  inset) . The rate of reduction of the porphyrin -cation radical might be related to the H 2 O 2 tolerance of the enzyme activity.
Finally, we note that we could not obtain a catalytically active Áloop mutant that had unmutated Trp35, possibly because heme was not incorporated into the apoprotein. Additionally, in our preliminary experiment, a Áloop mutant with mutations in Cys25, Trp35, and Cys125 showed H 2 O 2 tolerance similar to that of tsAPX-W35FÁloop (data not shown). and Amino Acid Sequence Alignment of Residues 165-208.
The unique 16-residue loop region is shown in black in the top and bottom panels. The aligned amino sequences are stromal APX of tobacco (Nt stroma, accession no. AB022274), Arabidopsis (At stroma, NP 001078356) and rice (Os stroma, BAC79362), the glyoxysome-bound APX of cotton (Gh glyoxysome, AAB52954), and the cytosolic APX of Arabidopsis (At cytosol, Q05431) and Galdieria partita (Gp cytosol, BAC41199). Sequence positions are numbered according to the recombinant tobacco stromal APX (tsAPX). In conclusion, removal of the unique 16-amino-acidresidue loop was useful in improving the H 2 O 2 -tolerance of stromal APX. This should be applicable to thylakoidbound APX, because the amino acid sequence of its core domain is identical to that of stromal APX in many plant species. 13) 
